Chronic, low-grade metabolic acidosis due to Western diets may be a risk factor for osteoporosis. The severity can be determined in part by net endogenous acid production (NEAP). In a population-based study, a total of 1028 healthy men and women aged 20-72 years were evaluated for dietary intakes and NEAP estimates with a validated food frequency questionnaire. Dual-energy X-ray absorptiometry (DXA) was used to determine BMD of the lumbar spine (L2-L4), distal third of radius, and proximal femur. Serum CrossLaps, degradation products of the C-terminal telopeptides of type I collagen, and osteocalcin were measured by highly specific ELISA methods. Lower estimates of energy-adjusted rates of NEAP were associated with greater femoral neck BMD (p = 0.01) in premenopausal women and with greater BMDs at the distal radius (p = 0.001) and lumbar spine (p = 0.04) in postmenopausal women. Compared with women in the highest quartile of the estimates of the energy-adjusted rates of NEAP, pre-and postmenopausal women in the lowest quartile had significantly greater means of osteocalcin [9.12 (SD ± 1.62) vs. 5.24 (SD ± 1.41) ng/ml, p = 0.02 and 11.74 (SD ± 1.69) vs. 7.79 (SD ± 2.63) ng/ml, p = 0.002, respectively]. Analysis by quartiles of the estimates of energy-adjusted rates of NEAP did not reveal a relationship between BMD and bone turnover markers in men. In conclusion, we found that a high energy-adjusted rate of NEAP was associated with a significantly lower BMD in women but not in men and the energy-adjusted rate of NEAP had a negative relationship with bone formation.
Introduction
Bone tissue plays a significant role in the control of the acid-base equilibrium of blood and extracellular fluid. In fact, even a slight degree of metabolic acidosis represents a strong stimulus for osteoclastic activity, and inhibits osteoblastic activity; on the other hand, metabolic alkalosis suppresses osteoclastic activity. This role of bone in acid-base regulation is likely to impact the maintenance of mineral stores and, in the long term, of bone mass [1] .
One characteristic of the contemporary human diet for which no quantitative comparison has been made with the inferred ancestral preagricultural diet is the imbalance of nutrient precursors of hydrogen and bicarbonate ions, resulting in the body's net production of noncarbonic acid, ranging over an order of magnitude from 10 to 150 mEq/d among diets [2] . In other words, consumption of a normal Western diet is associated with chronic, low-grade metabolic acidosis [3] , because metabolism of the Western diet releases noncarbonic acids into the systemic circulation (e.g., sulfuric acid from metabolism of protein) in amounts that exceed the amounts of base released concomitantly (e.g., bicarbonate from combustion of organic acid salts of potassium in vegetable foods) [4] .
This persisting, albeit low-grade, acidosis and the relentless operation of responding homeostatic mechanisms may be an important contributional factor in numerous diseases such as nephrolithiasis, ageassociated reduction in lean body mass, and osteoporosis [5] .
In vitro studies support the effect of acid-base balance on bone health; while acidosis inhibits osteoblasts and stimulates osteoclasts [6] , alkalosis increases blood pH, thereby shifting the balance in favor of the osteoblasts [7] . Mild acidosis also increases the activity of cathepsin K, a metallo-protease secreted by osteoclasts for bonematrix resorption [8] . Even very small pH changes (as little as 0.05) result in a doubling or halving of resorption-pit formation in cultured osteoclasts [9] . Long-term acidosis also reduces IGF-1, and increases prostaglandin E2 (PGE2), RANKL, and M-CSF-all of which increase protein catabolism, muscle wasting, and bone resorption [10] .
Supplementation of postmenopausal women with potassium bicarbonate has been shown to neutralize endogenous acid, reduce urinary calcium excretion, and alter bone remodeling in such a way as to improve calcium balance, at least over the short term [11, 12] .
In large population studies, measurement of the acid-base balance is not practical, but algorithms based on the ratio of protein to potassium have been used to estimate net endogenous (noncarbonic) acid production (NEAP) [4] . Frassetto et al. [4] proposed a simple algorithm to determine NEAP by measuring the acidifying effect of protein (via sulfate excretion) and the alkalizing effect of potassium (via provision of salts of weak organic acids).
Although indirect evidence is available of the effect of metabolic acidosis on bone from in vivo intervention studies and in vitro experiments, studies of bone density in general populations are limited-3 in women, 2 in children, and 1 in men and women [13] [14] [15] [16] [17] [18] .
New et al. [13] examined, for the first time, the association between NEAP and indexes of bone health by using a populationbased cohort of premenopausal and perimenopausal women. The results indicate that diets with a lower protein content but higher potassium content (i.e., lower acidity or high alkalinity) are associated with greater bone mass and a tendency to resorb less bone. The European Prospective Investigation into Cancer and Nutrition-Norfolk (EPIC-Norfolk) study was conducted in men and women, in which the relationship between a measure of dietary acid-base load, potential renal acid load (PRAL), and calcaneal broadband ultrasound attenuation (BUA) was estimated [18] .
The purpose of the present cross-sectional study was to examine the relationship of net endogenous (noncarbonic) acid production (NEAP) and bone mineral density in an Iranian general population of women and men aged 20-72 years. Second, we investigated whether a relationship exists between NEAP and bone turnover markers in women and men.
Materials and methods
This study was performed as part of a larger epidemiological study, the Iranian Multicentral Osteoporosis Study (IMOS), in which 6000 normal subjects were randomly selected from five major cities throughout Iran. Details of the study can be found elsewhere [19] . Bushehr port (the center of Bushehr Province, which has the longest coastline on the Persian Gulf) was one of five cities that participated in the IMOS. The study goal was to recruit 1028 men and women, aged 20-72 years, in each age decade in every city. Participants were randomly selected from 13 geographical clusters in Bushehr port.
All participants were community-dwelling, and ambulatory. Publicity concerning the study appeared in local newspapers and on TV. The selected subjects were informed about the study through a letter given door-to-door by the survey groups of the IMOS. After a primary education about osteoporosis and its associated risk factors, the potential subjects were invited to participate in the study in a fasting state the following morning at the Persian Gulf Health Research Center at the Bushehr University of Medical Science.
All subjects answered a detailed questionnaire concerning covering demographic and behavioral information as well as medical history of conditions that could influence bone mass and metabolism. The women were also asked about medical history such as diabetes mellitus, inflammatory bowel diseases, epilepsy, chronic liver or renal diseases, cancer and self-reported hip or lumbar fractures. In addition, information was collected on reproductive history, including age at menarche and menopause, parity, use of postmenopausal hormone replacement therapy, and calcium and/or vitamin D supplementations. We considered women to be postmenopausal when they had had a hysterectomy or both ovaries removed or were aged 40 years and older and had not had a period for 12 months.
Height and weight were measured using a stadiometer. Heavy outer garments and shoes were removed before height and weight were measured.
Measurements of bone indices
Bone mineral density (BMD) was determined for the lumbar spine (L2-L4), the distal forearm, and the proximal femur (neck) using dual-energy X-ray absorptiometry (DXA) on the Osteocore II bone densitometer (Osteocore II Osteodensitometer, Medilink, France). The same operator tested all the women during the study to eliminate operator discrepancies. Duplicate measurements were obtained from 30 patients who agreed to undergo a repeat assessment on the same day, and precision errors were calculated using the root mean square method. The coefficients of variation (precision) of the measurements of the lumbar spine and femoral neck were 0.8% and 1.6%, respectively.
The Serum CrossLaps ELISA (Nordic Bioscience Diagnostics A/S, Herlev, Denmark) was used for the quantification of the degradation products of the C-terminal telopeptides of type I collagen in sera. The intraassay CVs for the low (0.242 ng/ml), medium (0.375 ng/ml), and high (0.476 ng/ml) values were 5.4%, 5.0%, and 5.1%, respectively.
The N-MID Osteocalcin ELISA (Nordic Bioscience Diagnostics A/S, Herlev, Denmark) was used for the quantitative measurement of osteocalcin in sera. The intraassay CVs for the low (7.0 ng/ml), medium (21.8 ng/ml), and high (43.2 ng/ml) values were 3.4%, 2.0%, and 2.4%, respectively.
Current dietary intake and estimation of NEAP
Current dietary calcium intake and estimation of NEAP information was obtained through an interview conducted by trained dietitians. We determined the portion size and annual, monthly, and weekly frequency of intake using a food frequency questionnaire (FFQ). Reproducibility and relative validity of the 54-item FFQ were tested during the recruitment in the IMOS cohort by the Iranian Nutrition Institute [19, 20] . The total calcium intake was estimated based on the same FFQ. Intakes of calcium, protein, and potassium were adjusted for total energy intake by normalizing all the intakes to the mean energy intake (residual method) in each group [21] .
NEAP was estimated by examining the ratio of protein to potassium intake normalized to a diet of mean calories. The simple algorithm proposed by Frassetto et al. [4] was then applied.
Each food and beverage was analyzed for content of energy and the other nutrients using NUNTRITIONIST III software (version 7.0; NSquared Computing, Salem, OR), which was designed for Iranian foods.
Statistical analysis
The distribution of variables was studied using probability plots and the Shapiro-Wilks test. We found that log transformation of Cross Laps and osteocalcin gave a better fit to a Gaussian distribution. The data for Cross Laps and osteocalcin were defined as the geometric mean (SD).
Group means were compared using the two-tailed non-paired Student's t-test. The relationship between the estimates of the energy-adjusted rate of NEAP or potassium intake and BMD and markers of bone turnover was also determined using analysis of covariance. Adjustments for age, weight, height, and postmenopausal years (for postmenopausal women) were made. Simple linear regression analysis was employed to study the relationships among the estimates of the energy-adjusted rate of NEAP or potassium intake, BMD measurements, and bone turnover markers. In addition, subjects were also divided into quartiles of the estimates of the energy-adjusted rate of NEAP or potassium intake and compared in the highest and lowest quartiles. With a calculated sample size of 1028 persons, the study will have a power of 80% to yield a statistically significant result. A value of p b 0.05 was accepted as significant.
Statistical analysis was performed with an IBM computer using the SPSS 9.05 statistical software package (SPSS Inc., Chicago, IL).
Results
A total of 1028 (44.8% males, 55.2% females) subjects were evaluated. The response rate of individuals was 63%. The mean (±SD) age of the subjects was 42.5 (±13.4) years. Of the studied population, 24.1% was between 20 and 30 years, 20.9% between 31 and 40 years, 24.6% between 41 and 50 years, 19.0% between 51 and 60, and 11.4% N60 years. Table 1 shows the basic characteristics of the men and premenopausal and postmenopausal women. Significant differences between premenopausal and postmenopausal women were observed in bone mineral densities at different sites and biochemical bone markers (Table 1 ). There was no significant correlation between age and the estimates of NEAP but there was linear correlations between age and BMDs at different sites (p b 0.0001).
The dietary intakes of energy, protein, and potassium and estimates of NEAP (as protein: potassium intake) are shown in Table 1 for each group. The intakes of protein and potassium were well within the referenced nutrient intake. The mean (±SD) estimate of the energy-adjusted rate of NEAP for all women and men was 100.57 ± 87.69 mEq/d. In the age-adjusted analyses, there was a significant correlation between the estimates of the energy-adjusted rate of NEAP and BMDs at the distal third radius (r = − 0.13, p = 0.04) and the femoral neck (r = − 0.1, p = 0.02) in post-and premenopausal women, respectively.
No relationship was found between any skeletal sites and the estimates of the energy-adjusted rate of NEAP in the men.
The pre-and postmenopausal women were also divided into the highest and lowest quartiles of the estimates of the energy-adjusted rate of NEAP. Analysis by quartiles of the estimates of the energyadjusted rate of NEAP revealed a negative significant relationship with BMD at the femoral neck in premenopausal women The energy-adjusted potassium intake was significantly associated with a higher distal third radius BMD (r = 0.20, p = 0.003) in postmenopausal women. In premenopausal women, this positive significant relationship was seen only between the estimates of the energy-adjusted potassium intake and femoral neck BMD (r = 0.10, (Figs. 4, 5) . No relationship was found at any skeletal sites between BMD and the energy-adjusted potassium intake rate in men.
Analysis by quartiles of the energy-adjusted intake potassium intake did not reveal a relationship between serum Cross Laps and osteocalcin in men and premenopausal women. But in postmenopausal women, the highest quartile of the energy-adjusted potassium intake had significantly greater geometric means of osteocalcin [13.24 (SD ± 1.79) vs. 7.87 (SD ± 1.78) ng/ml, p = 0.03] (data not shown).
In the age-adjusted analyses, there was a significant correlation between the estimates of the energy-adjusted rate of NEAP and calcium and protein intakes. No relationship was found between any skeletal sites and calcium and protein intakes in men and pre-and postmenopausal women.
Discussion
In the present study, we found a significant negative relationship between a more acidic diet (higher estimates of energy-adjusted rates of NEAP) and BMD in women but not in men. Dietary potassium, an indicator of NEAP and fruit and vegetable intake, was associated with higher forearm and femoral BMDs in postmenopausal and premenopausal women, respectively. But there was no significant relationship between energy-adjusted rates of potassium intake and BMDs in men.
Our results agree with those by New et al. [13] that provided evidence of a positive link between a ratio of lower protein to higher potassium dietary intake (i.e., less dietary acid) and skeletal integrity in premenopausal and perimenopausal women. In the European Prospective Investigation into Cancer and Nutrition-Norfolk (EPICNorfolk) study, a more acidic dietary intake (high PRAL) was significantly associated with lower calcaneal broadband ultrasound attenuation (BUA) in women but not in men; there was a difference of 2% in BUA between the highest and lowest quintiles of PRAL, independent of age, body mass index, smoking habit, physical activity, diagnosed osteoporosis, and history of fracture, and (in women) hormone replacement therapy [18] .
Wynn et al. [15] assessed NEAP and quantitative bone ultrasound (QUS) in 401 very elderly Swiss ambulatory women. The authors found lower NEAP and higher potassium intake were correlated with higher BUA, which remained significant even after adjustment for age, BMI, and osteoporosis treatment.
Our data support the growing interest in the importance of acidbase homeostasis to bone health. It has been shown that when acid production is experimentally increased among healthy subjects, renal net acid excretion does not increase as much as acid production so that acid balances become positive. These positive imbalances are accompanied by equivalently negative charge balances that are the result of bone buffering of retained H+ and loss of bone Ca2+ in the urine [22] .
On a larger epidemiological scale, it is interesting to speculate on the effects of diet-induced acid loads. In the contemporary diet, bicarbonate production rates are disproportionately lower, thereby tipping the balance from net base to net acid production [2] . It is conceivable, although speculative, that the chronic acid load induces a state of chronic nitrogen wasting. This, together with the blunted acid excretion associated with ageing, could contribute to the progressive decrease in muscle and bone mass in older people [5] . Interestingly, Sebastian et al. have shown that neutralization of endogenous acid production (by administering potassium bicarbonate) in postmenopausal women results in calcium retention and decreased bone resorption markers. In addition, renal nitrogen excretion decreased significantly [12, 23] . Therefore, avoiding high amounts of acid ash-forming food and increasing the intake of alkalizing food and mineral water rich in bicarbonate may have a favorable influence on the maintenance of bone mass.
We found no relationship between the estimates of the energyadjusted rate of NEAP and BMD at any site in men in this population. Only one study about the relationship between acidic dietary acidbase load and bone health in men has been published [18] . The researchers also found no relationship between dietary intake of PRAL and BUA in men. Why women are more sensitive than men to the effects of dietary acid load remains an open question.
In this study, postmenopausal and premenopausal women with the highest energy-adjusted potassium intake had significantly higher BMDs at the forearm and the femoral neck. The beneficial effects of dietary potassium on bone health are well established in the literature [24, 25] . A higher BMD has been associated with a higher dietary potassium intake, along with other nutrients associated with fruit and vegetable intake [26] .
It has been suggested that potassium, as an integral part of acidbase homeostasis, buffers the endogenous acids derived from the Western diet. In fact, bicarbonate is not present in foods and may be produced within host tissues as a consequence of the oxidation of organic anions (essentially K+ malateor citrate salts). Potassium and organic anions, through KHCO3-generation or glutamine sparing, are very effective in neutralizing mineral acidity and favoring neutral or slightly alkaline urine pH [27] .
We did not find a relationship between Cross Laps, as a bone resorption marker, and the estimates of the energy-adjusted rate of NEAP in men and women. A reduction in bone resorption markers was reported in potassium supplementation studies [12, 28, 29] . But there is only one population-based study in the literature. It showed that, for women around the time of menopause, NEAP was associated with increased concentrations of urinary bone resorption markers [14] . To our knowledge, the present study is the first large population-based study of net endogenous (noncarbonic) acid production (NEAP) and markers of bone turnover in men and premenopausal and postmenopausal women. The lack of a relationship between serum Cross Laps and NEAP in the present study may be due to the low sensitivity of serum Cross Laps in detecting the effects of physiologically normal limits of mild, low-grade acidosis in bone health.
Osteocalcin, a protein product of mature osteoblasts, is involved in the adequate development of bone matrix. Elevated serum osteocalcin concentrations indicate an increased rate of bone formation and turnover, but how osteocalcin may be influenced by menopause is unclear [30] . In the present study, the results for pre-and postmenopausal women showed that the energy-adjusted rate of NEAP was negatively associated with osteocalcin; this bone formation marker was significantly greater for women in the lowest quartile of the energy-adjusted rate of NEAP compared to those in the highest quartile. This finding demonstrated that the energy-adjusted rate of NEAP has a more prominent effect on bone formation compared to resorption in postmenopausal women. Sebastian et al. [12] showed that supplementation with potassium bicarbonate in postmenopausal women reduced urinary excretion of hydroxyproline, in association with an increase in the serum osteocalcin concentration. Thus, they concluded that the administration of potassium bicarbonate appeared to reduce the rate of bone resorption and increase the rate of bone formation.
There are several limitations to this population-based study. First, we did not measure sex hormone concentrations or other endocrine or paracrine factors that may alter local and systemic mild, low-grade metabolic acidosis, including local cytokines and OPG/RANKL ratio, all of which may have cumulative and interactive effects. These are of value in understanding the mechanisms by which chronic acidity influences bone integrity. Second, the cross-sectional associations limit the causal inferences that can be made, although there are biologically plausible mechanisms for the relationship between dietary acid load and bone metabolism. It is unlikely that persons with different bone measures across the normal range would change their dietary intake [18] . Third, the data on diet and NEAP were obtained by self-reported questionnaire (which could lead to possible over reporting on specific aspects of the diet, such as fruit and vegetable consumption). We did not measure in a subgroup the true NEAP estimate from 24-h urine collections.
In conclusion, we found that a high energy-adjusted rate of NEAP was associated with a significantly lower BMD in women but not in men and the energy-adjusted rate of NEAP had a negative association with bone formation. However, observational studies do not prove hypotheses and can only suggest the potential mechanisms of action. We now urgently need data from randomized controlled trials to determine for certain whether a potassium-rich, bicarbonate-rich diet or supplement is important to the skeleton [31] . Studies will also be needed to examine the effects on fracture rates in large population studies.
